ABSTRACT: Authors Different kinds of aluminum pastes have been successfully prepared by adding various additives including the glass powders with different melt-points, the aluminum powders with different sizes, and the inert fillers. We emphatically analyze the influence of aluminum pastes prepared as above on the electrical performance of the as-formed silicon aluminum alloy layer (P+). The optical microscope was used to observe the morphology of aluminum back surface fields (Al-BSF) formed in the rear of silicon wafers. The results show that it could promote the formation of silicon aluminum alloy layer by using the glass binder with lower melt point. The solar cell exhibits the best surface conductivity and appearance when the ratio of coarse and fine aluminum powders is 2:1. In addition, the corresponding photoelectric conversion could reach to a high level of 18.09% when the mass fraction of the inert filler was adjusted to 1.3%.
INSTRUCTIONS
Crystalline silicon solar cell, which can directly convert solar energy into electricity, has become a very promising and sustainable material to solve the energy crisis causing by the increasing demand for energy and the serious shortage of fossil fuels [B. Lei et al. 2014 , B. Robert et al. 2008 . As one of the most important components, a full-area aluminum back surface field (Al-BSF) has been typically applied at the rear of industrial crystalline Si solar cells [S. Gatz et al. 2011] . Generally, aluminum (Al) pastes are used to be screen-printed on the silicon wafer as Al-BSF and then sintered at temperatures of 500-900 in a belt furnace. It has demonstrated that a doped layer could be obtained between aluminum layer and silicon layer during this annealing process through the formation of Si-Al alloy layer, thus resulting an Ohmic contact and further improving the open-circuit voltage. Therefore, the systematic research and fine adjustment on Al pastes, especially for the components, should be an important factor to improve the performance of the crystalline silicon solar cell.
As we know, Al pastes are mainly composed of glass powder binder, organic resin binder, and aluminum powders [S. Kluska et al. 2010 ]. Among these components, aluminum powders were used as the conductive phase, which not only can interconnect with each other to form a conductive network, but also result in the formation of silicon aluminum alloy layer with silicon once undergoing the sintering process. Moreover, the formed alloyed layer could efficiently eliminate excess impurities, and contributed to a better electrical conductivity. As a result, the properties of aluminum powders have a critical relationship with the output characteristics of solar cells, as well as the Al-BSF appearance [T. Eisenbarth et al. 2011 , H-Z. . As for the glass binder, it usually plays a vital role in accelerating melting and cementation in the slurry, which could reduce the sheet resistance of P+ layer and leakage current of the cell, consequently resulting in the improvement of the conversion efficiency.
In this paper, we mainly focused on the effects of aluminum pastes composition on the performance of Al pastes to distinguish it from other reports, including the type of glass powder, the ratios of aluminum powder, and the amount of inert filler. The electronic property parameters of the solar cells was also investigated.
EXPERIMENTAL
The compositions of Al pastes contain aluminum powders with larger particle size (5~6µm) and smaller particle size (2~3µm), which were hereinafter referred to as coarse Al powder (C-Al) and fine Al powder (F-Al), respectively. In order to investigate the influence of aluminum powder ratios on the formation of Al-BSF, we fix the optimal amount of other ingredients, and vary the ratio of R=C-Al/F-Al in the range from 1:0 to 0:1. To evaluate the influence of glass types and their amount on electric performance, two types of glass powder called #1 melted at 500 and #2 melted at 520 were selected, and their mass fraction of Al paste ranged from 1% to 6%. The inert fillers fraction varied at the range of 0-2% to illustrate their effects on the formation of Al-BSF. After all the compositions of Al paste were mixed in the proportion above separately, then spread the above mixture by a three-roll grinder until the aluminum pastes become homogeneous.
The Al pastes are screen-printed on the polished Si substrate and sintered in a belt furnace for the surface conductivity, appearance, sheet resistance, and warpage measurements. The sintering temperature is maintained at 810 , making the aluminum layer and silicon layer integrate tightly to form P+ layer during the process. The used substrate is p-type czochralski silicon with resistivity of 2-3Ωcm, thickness of 200um, and (100) orientation. The appearance was observed under table lamp. The surface conductivity and sheet resistance were measured directly from the four-probe meter. Before testing sheet resistance process, the fired Si wafers were treated by acids to expose the P+ layer. The warping degree was measured by a thickness gauge. The electric performance was evaluated by on-line measurement.
RESULTS AND DISCUSSION
As shown in Table 1 , the effects of different ratios of coarse aluminum powder and fine aluminum powder in Al pastes on the surface conductivity and appearance of Al-BSF were investigated. When the coarse aluminum was used alone, the highest surface conductivity (7160s/cm) was obtained with some tiny Al beads on the surface, which was likely to have negative impacts on the following lamination process. When a small amount of fine aluminum power were added, the surface conductivity of the paste decreased from 7160s/cm to 3560s/cm. Moreover, quite smooth surface appearance was achieved. As the further increasing amount of fine aluminum power, the surface conductivity of the paste was sharply decreased to 2190s/cm. In addition, for the pure fine aluminum power used in the paste, it shows poor surface conductivity of 3560s/cm with some Al ash on the surface. We inferred that the coarse aluminum powders were easier to form a coherent conductive network due to the larger particle size. In contrast, the fine aluminum powder could not integrate effectively during the rapid sintering process due to their relatively larger specific surface area, which will hamper the following welding procedure. Thus, it is efficient to utilize the fine aluminum powder, in order to fill the intervals caused by coarse aluminum powder and make the conductive network link more closely as well [M. Hermle et al. 2008 ]. Consequently, the best performance was achieved when the ratio of C-Al/F-Al reached to 2.5:1, with a surface conductivity of 6250s/cm and the quite smooth surface appearance. Above all, to meet the production requirements and gain satisfactory electronic properties, the coarse and fine aluminum powders mixed in the paste should be optimized in a suitable ration. Figure. 1 The micro-morphology of Al-BSF.
As a kind of flux, glass powder binder could bond aluminum powder and increase the liquidity of aluminum powder to form a uniform siliconaluminum alloy layer during the sintering process [Y-H. Ma et al. 2010] . Generally, the thickness and uniformity of the alloy layer have direct effects on the electric performance of crystalline Si solar cells. Therefore, investigations of thickness, brightness, and continuity of the alloy layer is the foundation of the research on the crystalline Si solar cells, while these parameters can be measured directly from the electronic microscope or optical microscope images according to related research. Fig.1 displayed the micro-morphology of Al-BSF, which was formed after being fired in the belt furnace. As shown in the picture, a dense and uniform silicon aluminum alloy layer existed between the conductive aluminum layer and the p-type silicon layer. Figure. 2. The effect of glass powder on sheet resistance of P+.
As the melting point and content of glass powder could reflect the slurry fluidity, glass binder has a vital impact on the formation of alloyed layer as well [C-Y. ]. Hence, the influences of the glass powder with different melting point and amount on the formation of alloy layer were evaluated (see Fig. 2 ). Apparently, due to its lower melting point, glass powder #1 showed much better performance in sheet resistance compared with glass #2 when they were added in equal mass. It is also clear according to the Fig. 2 that the fluidity of slurry at higher temperature improved which indirectly characterized by the reduction of P+ sheet resistance as the increasing of the amount of glass powder, so it is beneficial to enhance the cell conversion efficiency by increasing the amount of glass powder correspondingly. Usually, since the thermal expansion coefficient of crystalline silicon wafers (4.0×10-8K-1) and slurry (23.2×10-6K-1) could not match with each other. So, it is inevitable that it will make cell warp during the sintering process which directly lead to fragments in the laminating process [J-H. ]. Therefore, cell bending caused by sintering should be severely controlled. Generally, for mono-crystalline silicon wafers, the cell bending should be controlled smaller than 1.5mm, while it allows a maximum of 1.3mm for multi-crystalline silicon wafers since they have a larger area. Results of the effects of glass powder on cells warping were shown in Fig. 3 . Figure.3 The effect of glass binder on cells warping. Fig. 3 illustrated that the battery bending presented an increasing trend with the amount of glass binder rises. The solar cell using glass powder #1 has a lower bending after sintering comparing with glass powder #2. The thermal expansion coefficient of glass binder (#1 2.0×10-6K-1 and #2 3.4×10-6K-1 separately) is considerably higher than that of the mono-crystalline silicon. In order to get a bending degree under 1.5mm, the amount of glass powder must be lower than 3.5%. The glass powder #1 with low expansion coefficient is more suitable for the aluminum pastes to form BSF because the glass powder binder #1 has lower melt point (softening temperature 500 , melting temperature ℃ 760 ) so that it could melt at a lower temperature ℃ making the formed silicon aluminum alloy layer more homogenous. It can be seen from the Fig. 4 that the as-formed alloy layer using glass #1 is more continuous than that using glass #2, which is also consistent with the results above. Above all, we could conclude that the battery performance achieved by using glass #1 is better than that using glass #2. As we know, the inert filler usually presents low thermal expansion, thus it could protect aluminum particles from combination to some extent through dispersing inert fillers among the aluminum particles, further to avoid the silicon wafers wrapping seriously. However, it would hinder the combination of aluminum particles and further affect the battery electric performance if the inert fillers were added in excess. Fig. 5 gives the results of effects of inert fillers on cells bow and conductance in the condition that the basic composition of the aluminum pastes is invariable. It can be seen that the degree of cell warping declined with the increasing of the amount of inert fillers, and almost presented a linear relationship between them. However, there was a sudden drop (>2000s/cm) of surface conductivity when the content of inert filler increased to 1.3%, making the uniformity of conductivity chain destroyed. Accordingly, the mass fraction of inert filler should be 1.2% in our research system, based on the above two results of cell warping and surface conductivity. To have a better understanding of aluminum paste properties, two kinds of cells(#1, #2) were prepared by screen-printing technique with two types Al pastes adding glass powder #1 and #2, respectively, which were printed on the 165 type of monocrystalline silicon wafers on line. 50 pieces of cell were printed in each batch by 0.80±0.50g slurry, and the maximum temperature of firing was selected at 805°C. Finally, we took the average value of the obtained results for performance comparison. Table  2 showed the IV-data parameters of both two solar cells (#1 and #2). Obviously, the open-circuit voltage Voc (625.4mV) as well as the short-circuit current Isc (5.76mA) of the solar cell #1 were significantly improved, which could be contributed to the lower melting point and more homogeneous Al-BSF discussed above. Thus, cell #1 conforms to the existing solar cell production requirements because of its higher photoelectric conversion efficiency. In this paper, we studied the effects of three crucial factors on the battery electric performance, including the ration of different sizes of aluminum powder, types and amount of glass powder binder and the addition of inert filler. We found that the appropriate ratio of coarse and fine aluminum powder could result in a better performance and smooth film appearance. It also proved that the glass powder with low melting point and thermal expansion coefficient is beneficial to alleviate the cell warping and obtain uniform alloyed layer. Moreover, the addition of inert filler was also helpful to reduce the degree of cell warping, and little change of the electricity performance would be observed when it was kept in certain amount.
